Abstract:
Fatigue crack initiation and propagation behaviour in subsolvus heat treated turbine disc alloy N18 has been assessed in air and vacuum at 650 and 725 o C under three-point loading. significantly degrades the crack growth resistance of N18 and is associated with more intergranular fracture surface features. Additional oxidation effects on propagation caused by higher temperature or prolonging dwell time appear limited, whereas a prolonged dwell period seems to instead promote additional creep process, which further enhance crack growth, especially at higher temperature.
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Introduction
Aeroengine turbine discs operate at elevated temperatures under dynamic loads in an aggressive service environment over significant periods of time, this requires disc materials to possess high strength at elevated temperatures, good fatigue and creep performance under these service conditions, along with excellent oxidation and corrosion resistance. Powder metallurgy (PM) Ni-based superalloys have been widely used for aeroengine turbine disc application due to their exceptional combined mechanical properties at elevated temperatures in combination with good oxidation/corrosion resistance [1] [2] [3] . However, oxidation accelerated fatigue failure (shorter fatigue life or faster crack growth rate) is usually observed when assessing the fatigue performance of disc alloys at elevated temperatures, especially when a dwell period is applied at the peak load [4] [5] [6] [7] [8] [9] [10] . Such a phenomenon is usually associated with intergranular fracture resulting from the interaction between GB oxidation/embrittlement effects and mechanical fatigue processes [8, [11] [12] [13] [14] [15] [16] . The varying extent of intergranular fracture features observed is the consequence of the competitive effects of oxidation and cyclic fatigue processes in the advancing crack. Generally, intergranular features are dominant on the fracture surface when oxidation makes a significant contribution to the crack tip failure process, whereas transgranular fracture features dominate when the effect of oxidation is absent or is weak [4, 17, 18] . In some cases, a transition from intergranular features to transgranular features can be observed on the fracture surface as the stress intensity factor range (∆K) increases, indicating the point where the mechanically-driven crack propagation process outstrips the crack tip oxidation process [18] .
Extensive studies have shown that the poorer fatigue performance of disc alloys in an oxidizing environment is closely related to oxidation enhanced crack initiation and/or propagation which are associated with stress assisted oxygen diffusion and resultant oxidation [6, 10, 11, 16, 19] . It is generally considered that enhanced crack initiation is mainly caused by GB oxide cracking due to the brittle nature of the formed oxides. The additional stress concentration arising from volume expansion/contraction because of the formation of these oxides may facilitate the cracking process [19] . In addition, the reduced GB sliding and migration ability caused by the absorption of oxygen or other embrittlement agents (released by chemical reactions because of the involvement of oxygen) may lead to the build-up of local stress at these regions, which further results in crack initiation [20] . The enhanced crack propagation associated with intergranular fracture is usually ascribed to decohesion/reduction in cohesion strength of GBs ahead of the crack tip due to dynamic embrittlement [14, 15] or GB oxide/matrix-oxide interface cracking caused by stress assisted grain boundary oxidation (SAGBO) [8, [11] [12] [13] .
The oxidation accelerated fatigue failure caused by stress assisted oxygen diffusion and oxidation along grain boundaries is a complex process. It is reported that this process is mainly dependent on oxygen partial pressure, temperature and local stress/strain level, as well as composition and microstructure of investigated alloys [5, 6, 18, [21] [22] [23] . For instance, a transitional oxygen partial pressure that is independent of loading conditions but is sensitive to Cr content is observed in fatigue crack growth data of disc alloy Inconel 718 [6] . Above this transitional pressure, a significantly accelerated crack growth occurs, which is believed to be caused by the formation of Ni oxide rather than the dense Cr 2 O 3 ahead of the crack tip.
Additionally, considerable research on disc alloys, such as U720Li [5] and LSHR alloy [18] , has shown that higher temperature and longer dwell at the peak load (which are associated with higher diffusivity and longer diffusion time respectively) are inclined to promote crack growth due to the synergistic oxidation-fatigue effect in an oxidizing environment. This effect is much more significant in the fine grained variants of these disc alloys which are able to provide more grain boundaries acting as short-circuit diffusion paths [5, 18, 23] . It is relatively complex to quantitatively evaluate unambiguously the simple effect of alloy composition on crack growth. This is due to the varying microstructure, grain boundary character and mechanical properties caused by not only the varying composition, but differing mechanical processing and heat treatment approaches, although some efforts have been made [4, 22, 24] .
N18 is a PM disc superalloy, developed for the SNECMA M88 engine used in the 
Materials and experimental procedures

Materials
The N18 alloy used in this study was extracted from a hot isostatically pressed (HIP) and forged, heat treated "pancake" (disc precursor) provided by QinetiQ. Its composition (in wt.%) and heat treatment schedules are presented in Tables 1 and 2 respectively. The microstructures of N18 alloy are shown in Fig.1 , and the measured γ grain size and the sizes of primary, secondary and tertiary γʹ are shown in Table 3 . In addition, pores were rarely observed during microstructural evaluation and it is believed that this low porosity is due to the HIP process undergone by the alloy. The detailed experimental procedures used for this microstructural evaluation were reported previously in Ref. [18] . morphology of secondary and tertiary γʹ. 
U-notch fatigue test
Fatigue tests were conducted on polished U-notch specimens under three-point bend loading on an Instron 8501 servo-hydraulic testing machine with an ESH Ltd. high temperature vacuum chamber attached. The test geometry was chosen to assess crack initiation processes and the fatigue performance of N18 in the presence of a stress concentration. As shown in Fig. 2(a) , the dimension of the U-notch specimen is 8mm×8mm×50mm, and the radius and the depth of the notch are 2mm and 1.25mm
respectively. The notch type was chosen to provide an elastic stress concentration of around 2,
i.e. representative of that seen in the fir tree root fixings used to secure blades to turbine discs.
The surface of the notch was ground and then was polished using dental felts and 1µm diamond polishing paste. Tests were carried out in air and vacuum (1.0×10 -3 ~5.0×10 To further investigate fatigue crack initiation processes, two more interrupted tests were conducted at 650 o C in air and vacuum. After each interruption, the specimen was taken out and observed in the SEM, and then the test resumed until apparent cracks appeared at the notch root. Energy dispersive X-ray spectrometry (EDS) was employed to analyse the chemical element distribution around the cracks. 
Long fatigue crack growth test
Long fatigue crack growth tests were carried out on single edge notched bend (SENB) specimens with a dimension of 10mm×10mm×53mm as shown in Fig. 2 (b). A notch with a depth of 2.5mm and a width of 0.35mm produced by electrical discharge machining (EDM) was introduced into the middle of the SENB specimen to act as a stress concentrator and initiate the crack. The temperature control method and the test procedures are as described for the U-notch fatigue test previously, except that both 1-1-1-1 and 1-20-1-1 trapezoidal loading waveforms were used. Crack length was monitored and recorded by a pulsed-direct current potential drop method using 4 probe wires, and crack growth rate data was obtained from a precracked sample at a ∆K of ~15MPa√m under constant load, thus allowing fatigue crack growth rate as a function of increasing ∆K to be obtained as the crack grew out. The fracture surfaces were observed in a JEOL JSM 6500 SEM at an accelerating voltage of 15 kV.
Results
Fatigue life of N18 alloy
Lifetimes of the U-notch fatigue tests are presented in Table 4 . In general, it shows that both testing in air and increasing the temperatures tend to reduce fatigue life; such that the test carried out in air at 725°C has the lowest life of all the specimens tested. 
Fractography of U-notch fatigue tests
Multiple crack initiation is observed on the fracture surfaces of all the failed specimens analysis of these two kinds of oxides indicates that the most significant difference is the Cr enrichment in the dark oxides ( Fig. 5(e) ) and the Co enrichment in the brighter oxides ( Fig.5(f) ). It however needs to be pointed out that the quantitative results concerning light elements (i. e. C and O) inserted in Fig. 5 (e) and (f) may be not reliable due to the inherent limitation of the EDS. EDS mapping of the cracked region highlighted by rectangle shown in (a). . It is found that the oxidizing environment significantly accelerates fatigue crack growth under the investigated conditions. The influence of temperature on fatigue crack growth is dependent on the loading waveform (dwell at maximum load). As shown in Fig.8 (a) , only a slight increase in fatigue crack growth rate can be observed either in air or vacuum when temperature is increased from 650 o C to 725 o C for the 1-1-1-1 tests, whereas the fatigue crack growth rate increases by a factor of 6~7 as temperature increases in the tests with a 20s dwell as shown in Fig.8 (b) .
Oxidation during U-notch fatigue test
Long fatigue crack growth behaviour
In order to compare the influence of the dwell time on fatigue crack growth rate, a re-plot of Fig.8 is presented in Fig.9 , where a significant acceleration in crack growth rate can be seen when a 20s dwell is applied at 725 o C either in air or vacuum, but no apparent increase in crack growth rate can be found when the dwell is applied at 650 o C.
As shown in Fig.10 , the fractography of the air tests at ∆K=30MPa√m, failure becomes increasingly intergranular with the increased temperatures and/or longer dwell period at the peak load. In the 650 o C test under 1-1-1-1 waveform, the fracture surface is predominantly transgranular ( Fig.10 (a) ). When the temperature is increased to 725 o C under the 1-1-1-1 waveform or an introduction of 20s dwell at 650 o C, the fracture surface is characterized by the mixed-trans-intergranular features ( Fig. 10 (b) and (c) ). In the 725 o C test with a 20s dwell, the fracture surface is mainly intergranular and oxide nodules can be clearly seen on the fracture surface ( Fig. 10 (d) ). 
Discussion
Effect of oxidation on fatigue life
It is can be seen in this study that there is a strong dependence of the fatigue performance on the oxidation processes that have occurred in N18. The reduction in fatigue life in oxidizing environment or at higher temperatures (shown in Table 4 ) is apparently linked to the formation of Co-rich and/or Cr-rich oxide at grain boundaries and γ/γʹ interfaces and subsequent oxide cracking. By comparing fatigue lives of the U-notch specimens and long crack growth rates obtained in the tests under a 1-1-1-1 loading waveform, it can be seen that the temperature effect is quite minimal on fatigue crack growth rates in either vacuum or air, and it can be seen that it is the effect of an oxidation environment that significantly accelerates crack growth rates, rather than temperature alone. The U-notch fatigue life (under Table 5 and compared to the total observed life and the apparent initiation life. This ranking of nominal propagation life allows a better quantification of the simple effect of crack growth rate on lifetimes.
By making a comparison with the measured total fatigue life, it is found that the nominal crack initiation life could account for a major part of the fatigue life either in air or in vacuum, indicating the cycles to produce crack initiation contribute more to the total observed life. As shown in Of course in such an approach several assumptions are made that do not reflect the real physics of the situation: long crack growth behaviour will not represent the crack growth behaviour for such small cracks in the elasto-plastic notch stress field (in fact previous work in IN718 notch fatigue samples has indicated a constant crack growth rate may occur under such conditions [19] ); this approach also only considers the growth of a single crack and ignores any coalescence effects. Coalescence events are evident in these fatigue tests due to the multiplicity of crack initiation events and may play a more critical role in controlling the crack propagation lifetime and thereby the overall lifetime. The effect of the positioning of neighbouring cracks on the propagation of individual short cracks and subsequent coalescence events has not been considered in detail in this simple lifing assessment. This approach does however allow for an element of quantification of the likely contribution of differences in crack growth rates in explaining the observed lifetimes. The short crack growth behaviour has not been quantified (due to the difficulties in conducting a replica analysis with associated, pump-down, reheating and cooling cycles which may in themselves significantly affect short crack growth behaviour), but our study on fine grained LSHR alloy (which has a similar microstructure to N18) with interrupted fatigue tests along with a replication procedure shows that the initiation of GB cracks accounts for the majority of the fatigue life, and fracture occurs within a short period by a rapid coalescence of these GB cracks [31] .
Similar effects of oxidation on fatigue life have also been observed in other disc alloys such as ME3 [10] . Low cycle fatigue tests conducted on ME3 that was pre-exposed at different elevated temperatures for varying periods showed that the reduction in fatigue life is determined by the net oxidation effect, i.e. depth of oxide layer and the oxidation affected zone (which is used to refer to the GB carbide dissolution region), rather than simply by temperature or exposure time. By removing the oxide layer and oxidation affected zone in the pre-exposed ME3, the fatigue life was significantly improved, to become close to the fatigue life of un-exposed specimens, due to the suppression of intergranular crack initiation and the reduction in crack initiation sites, although the same intergranular crack propagation immediately sets in after transgranular crack initiation, indicating the predominant contribution of the crack initiation process to fatigue life [10] .
Previous work in other systems (e.g. in austempered ductile irons at room temperature) has
shown that short crack growth behaviour can be dramatically different where significant micro-crack fields are formed. Where initiation processes were very easy (e.g. cracking of multiple carbides [32] ]) subsequent crack growth was observed to be extremely slow, as the closely neighbouring cracks robbed surrounding crack tips of the required strain fields to propagate and lifetime was effectively controlled by coalescence events. In some cases a microcracking field can occur ahead of the crack tip, contributing significantly to crack propagation resistance [33] . Hence, to fully understand the relative contributions of crack initiation processes and subsequent growth to overall lifetime requires a probabilistic assessment of coalescence behaviour rather than just simple Paris lifing approaches.
Role of oxidation in crack initiation
Unlike at room temperature where cracks mainly initiate from slip bands at low strain levels and may initiate from GB boundaries at high strain levels, cracks mainly initiate from grain boundaries under these investigated conditions (along with occasional pore-initiation in vacuum at 650 o C). Intergranular crack initiation can be seen more clearly from the notch root observations in the interrupted tests. With increased temperature (associated with enhanced oxidation effects), pore-initiation is suppressed. Intergranular crack initiation at elevated temperatures usually results from GB oxide cracking or the embrittlement effect due to the absorption of oxygen and other embrittling elements leading to the decrease in cohesion strength of grain boundaries [10, 16, 19, 20] . In this study, it appears that GB oxide cracking makes the main contribution to crack initiation as shown clearly in Figs. 6 and 7. With the formation and build-up of GB oxides, stress will develop within the oxide due to volume expansion caused by the difference in density between Cr-rich or Co-rich oxides and the matrix. Additionally, the notch root stress concentration will introduce additional stress to the oxides [34] . Furthermore, these GB oxides can act as stress concentration sites during fatigue loading, and thereby more easily fracture and result in crack initiation. The reason some grain boundaries oxidise and form cracks preferentially needs further elucidation, but may be due to differences in plastic strain accumulation and hence stress assisted oxidation processes.
Role of oxidation in crack growth
Crack growth in disc alloys at elevated temperatures under cyclic load usually arises from with Molins' study [6] and is believed to be associated with the oxidation process ahead of the crack tip. Although no direct observation of the crack tip has been made in this study, a recent study on oxidation ahead of a crack tip in RR1000 shows that layered oxides (which consist of a thermodynamically unstable central layer of NiO/CoO and a thermodynamically stable marginal layer of Cr/Al/Ti oxides) form ahead of the crack tip [13] . This suggests that the dense oxides such as Cr 2 O 3 and Al 2 O 3 form under the low oxygen partial pressure, whereas the less dense or porous oxides such as NiO and CoO form under the relatively high oxygen partial pressure. The oxide intrusion ahead of the crack tip formed under dynamic load is much shorter than that formed under static load, indicating that the crack grows by oxide cracking/spallation [13] . Unlike environment/oxygen partial pressure, the influences of dwell time and temperature on crack growth rate appear to depend on each other, i.e. the apparent accelerated effect of dwell time on crack growth rate can only be observed at 725 o C.
The effect on crack growth brought about by increased dwell period or temperature can be linked to oxidation as well as creep [18, 35] , but it is difficult to quantitatively separate or identify the contribution of oxidation and creep to crack growth respectively as these two processes may occur simultaneously, even in the nominal "vacuum" conditions in this study.
In order to further assess the contribution of creep and/or oxidation processes to crack growth, an apparent activation energy analysis has been carried out (as creep and oxidation are thermally activated processes). The details of this analysis method can be found in Ref. [35] . In brief it assumes that the rate of the thermally activated process is proportional to an
Arrhenius term, and the apparent activation energy of crack growth can be obtained from two fatigue crack propagation tests, carried out at T 2 and T 1 :
Where Q is the apparent activation energy, and R g is the gas constant (8.31 J/mol K).
The calculated apparent activation energies for crack growth in N18 under the investigated conditions are shown in Fig. 12 , and the activation energies of the related thermally activated processes reported in the literature are shown in Table 6 [8, 35, 36] . It seems that any additional oxidation brought about by increased dwell time and/or temperature makes little contribution to crack growth rates under the investigated conditions, this differs from our findings for LSHR alloy, a more creep-resistant but more oxidation-sensitive disc alloy [4] .
For N18, it appears that the GB creep process is promoting crack growth when a dwell of 20s
at the peak load is introduced during the tests, indicated by the calculated activation energy which is quite close to the reported activation energy of GB creep processes. 
Conclusion
The fatigue performance of N18 has been assessed at 2 temperatures in air and vacuum under 1-1-1-1 and/or 1-20-1-1 trapezoidal loading waveforms, to elucidate the influence of oxidation along with (possible) creep processes on crack initiation and propagation behaviour.
The following conclusions can be made based on the aforementioned results:
(1) Oxidation occurs even though the oxygen partial pressure is as low as 10
Cr-rich oxide forms uniformly along the grain boundaries and at the γ/γʹ interface at the notch surface in both air and vacuum. A selective formation of Co-rich oxide is observed on some grain boundaries and γ/γʹ interfaces. 
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Appendix
This appendix provides details of the Numerical integration of the Paris equations. An assumption of long crack growth behaviour is made after intergranular crack initiation. The
Paris equation is shown as follows:
where C and m are materials-specific constants, and they are derived from the crack growth rate between ∆K of 20~50MPa√m shown in Fig.8(a) . Table A1 . [29] . Thus, ∆σ=1500Mpa is also used for ∆K calculation at 725 o C. a is crack depth at the notch root, c is half crack length at notch root surface, w is sample thickness. In this study, all K calculations assume a crack depth to half surface crack length ratio (a/c) of 1. B w is a correction factor for the finite dimension of the investigated samples, and it is dependent on crack and sample dimensions [38] . where n=220, corresponding to a final crack length of 2.2mm in depth direction at notch root (which is consistent with main crack propagation depth on fracture surface) and a ∆K of ~52MPa√m.
